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ABSTRACT

ARTICLE HISTORY

Four red photoluminescent europium(lll) complexes have been synthesized by using fluori-
nated carboxylate ligand, 1-(4-methoxyphenyl)-5-(trifluoromethyl)-1H-pyrazole-4-carboxylic
acid as main ligand and bathophenanthroline, 1,10-phenanthroline and 2,2-bipyridyl as aux-
iliary ligands, through solution precipitation approach. The complexes possess an optimum
thermal stability, which is sufficient for organic light emitting diodes fabrication. Under ultra-
violet excitation, the complexes display an intense emission peak of europium ion, which
makes them a promising red color emitter in display devices. Internal quantum efficiency,
color coordinates, Judd-Ofelt parameters, and energy transfer mechanism have been
explored. The investigated antimicrobial and antioxidant activity suggest that the synthe-
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sized complexes are potent antimicrobial and antioxidant agents.

RESEARCH HIGHLIGHTS

e A new ligand L has been synthesized by an ecofriendly method.
e Four Eu(lll) complexes have been synthesized through a facile solution precipitation

method by using ligand L and auxiliary ligands.

e CHN, EDAX, IR, NMR, TG-DTG, DR, UV-vis, and PL spectroscopic techniques and antioxi-

dant analysis are employed.

e Potential candidate for display devices, laser devices, and antimicrobial agents.

Introduction

Up to now, a surge of investigations by material
scientists is accelerating on lanthanide lumines-
cent materials day by day owing to their interest-
ing optoelectronic properties such as high
luminescence efficiency, static luminescent loca-
tion, long luminescence decay time, and good
color purity,!"! which endorsed their potential
applications in display systems, solid state light-
ing systems'?) mainly white organic light emitting
diodes (W-OLEDs),"! security inks and tags,"
biomedical sensors, optical cell imaging,"” and
biological systems.! Therefore, the synthesis and
the development of lanthanide chelates with high
luminescence efficiency have become a hot
research topic at present time. The luminescence
of lanthanide ion is associated with 4f-4f
electronic  transitions in  ultra-visible and

near-infrared region. As a consequence of parity
rule, 4f-4f electronic transitions are laporte for-
bidden transitions, which are responsible for low
molar absorptivity and less possibility of direct
excitation of lanthanide jon. This inconvenience
can be controlled by coordinating the central lan-
thanide ion to the light harvesting organic chro-
mophores, which sensitize the lanthanide ion by
antenna effect. On the other hand, the lumines-
cence efficiency is also determined by the energy
transfer process from the excited triplet energy
levels of organic ligand to the emissive level of
lanthanide ion and better compatibility between
both energy levels directly improves the lumines-
cence efficiency of lanthanide ion.”! Currently,
among different types of organic ligands, one of
the most promising light harvesting chromo-
carboxylic acid

phores, fluorinated aromatic
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ligand containing extended =m-conjugation, more
binding modes, high thermal, and light stability,
attracts much attention for complexation with
lanthanide ion.!"*! The organic ligands possessing
C-F oscillators diminish the energy loss in non-
radiative decay process and facilitate the energy
transfer mechanism.””! It can be acknowledged
that the high-energy O-H, N-H, and C-H oscil-
lators of solvent and binding ligands in coordin-
ation sphere quench the metal excited states
through non-radiative decay process leading to
shorter lifetime of excited states resulting into
lower photoluminescence efficiency of lanthanide
complexes.!"”) But the solvent molecules get easily
substituted by highly conjugated N-containing
auxiliary ligands, which control non-radiative
decay process via synergistic effect.'"] Also, aux-
iliary ligands provide high rigidity, chemical sta-
bility, and satisfy the coordination environment
around lanthanide ion."?) Among lanthanide
ions, the europium(III) ion gains burgeoning
attention due to environment independent line
like emission at 615nm and long luminescent
decay time.

Keeping the above facts in mind, the main flu-
orinated aromatic carboxylic acid, 1-(4-methoxy-
phenyl)-5-(trifluoromethyl)-1H-pyrazole-4-car-

boxylic acid (L) and its corresponding
europium(III) complexes, Eu(L);.2H,O0 (Cl),
Eu(L)s;.batho (C2), Eu(L);.phen (C3), and

Eu(L);.bipy (C4) have been synthesized by using
bathophenanthroline (batho), 1,10-phenanthro-
line (phen), and 2,2-bipyridyl (bipy) as auxiliary
ligands, through solution precipitation approach.
The synthesized ligand (L) and europium(III)
complexes are characterized by various techni-
ques, energy dispersive X-ray analysis (EDAX),
elemental analysis, proton nuclear magnetic res-
onance (‘"H-NMR), carbon nuclear magnetic res-
onance (>C-NMR), Fourier transform infrared
(FT-IR), ultraviolet-visible absorption (UV-vis),
thermogravimetric (TG) and differential thermog-
ravimetric (DTG) analyses, diffuse reflectance
(DR), scanning electron microscopy (SEM), and
photoluminescence spectroscopy (PL). The lumi-
nescence parameters such as radiative lifetime
(1), non-radiative rate (A,;.q), radiative rate
(Araq), Judd-Ofelt parameters (€;), and internal
quantum efficiency (1) are explained in detail.

The energy transfer mechanism explicates the
luminescence efficiency of the complexes and
biological investigations suggest that the synthe-
sized complexes are potent antimicrobial and
antioxidant agents. The synthesized
europium(III) complexes are considered as poten-
tial candidates in laser and solar technology,
advanced luminescent devices, new electronic
technology, and fabrication of tricolor based
white light emitting diodes. The pyrazole-based
complexes play a great role for inhibition of
growth of microbes, therefore, the complexes
exhibit promising applications in the biological
and pharmacological fields.

Experimental
Materials and methods

A series of luminescent europium(III) complexes
were synthesized through a facile solution pre-
cipitation method by utilizing highly pure
(99.9%) europium(III) nitrate pentahydrate, 2,2-
bipyridyl, bathophenanthroline, and 1,10-phenan-
throline. The chemicals and solvents used in the
synthesis of complexes and ligand were of high
purity and analytical reagent grade. The chemi-
cals were purchased from easily available com-
mercial source, Merck (Mumbai, India) and used
as such without further purification. 2,2-
Diphenyl-1-picrylhydrazyl hydrate (DPPH) and
ascorbic acid consumed in the estimation of anti-
oxidant property of complexes were purchased
from Central drug house (CDH), New Delhi,
India. The double-distilled water was used for the
synthesis of complexes.

Carbon, hydrogen and nitrogen (CHN) ana-
lysis were performed on Perkin Elmer 2400 CHN
elemental analyzer (PerkinElmer, Waltham, MA)
and EDAX analysis was done on Ametek EDAX.
The complexometric titration with ethylenediami-
netetraacetic acid (EDTA) was used to detect the
europium(III) ion content in the complexes. The
FT-IR spectra of europium(IIl) complexes and
ligand (L) were recorded with the help of Perkin
Elmer Spectrum 400 spectrometer (PerkinElmer,
Waltham, MA) in wavenumber range of
4000-400cm ™', by dispersing the solid sample
on dry KBr disks. '"H-NMR and ">C-NMR of



complexes were recorded on Bruker Avance II
400 NMR spectrometer (Bruker, Fremont, CA) in
deutrated dimethylsulfoxide (d°-DMSO) solvent
with respect to reference tetramethylsilane (TMS)
while ">C-NMR of ligand (L) was recorded in
CDCl; (deuterated chloroform). UV-vis absorp-
tion and solid diffuse reflectance spectral analysis
of ligand (L) and complexes were performed on
Shimadzu UV-3600 plus UV-visible spectropho-
tometer (Shimadzu, Kyoto, Japan) in wavelength
range of 200-800 nm. Thermogravimetric investi-
gation was done on SDT Q600 thermal analyzer
under inert atmosphere of N, gas with the heat-
ing rate of 20 °C/min. The morphological features
were assessed by using Jeol JSM-6510 SEM (JEOL
Ltd., Tokyo, Japan). Furthermore, the phosphor-
escence and luminescence spectral data was col-
lected on  Hitachi F-7000  fluorescence
spectrophotometer ~ (Hitachi, Shiga, Japan)
employed with xenon lamp, which acted as a
source of radiations. The decay curves of euro-
pium complexes were determined by using soft-
ware (FL  solution of F-7000) of the
spectrophotometer and color coordinates were
calculated with the help of MATLAB software.
The biological properties such as antimicrobial
and antioxidant were investigated through tube
dilution and DPPH methods, respectively.

Synthesis of ligand 1-(4-methoxyphenyl)-5-
(trifluoromethyl)-1H-pyrazole-4-carboxylic acid (L)

The ligand L was synthesized in three step as
shown below (Fig. la)-[13;

Step 1: Synthesis of ethyl 2-((N-trifluoro-
methyl-N-methylamino)methylene)-3-oxobuta-
noate: ethylacetoacetate (0.2mL) was stirred
along with continuous dropwise addition of N-
(dimethoxymethyl)-1,1,1-trifluoro-N-methylme-
thanamine (0.3mL) at room temperature. The
reaction mixture was left for about 16hr with
constant stirring at room temperature and then
evaporated under reduced pressure. The resulting
product was purified by chromatography, which
produced the oily substance of ethyl 2-((N-tri-
fluoromethyl-N-methylamino)methylene)-3-
oxobutanoate.

Step 2: Synthesis of ethyl 1-(4-methoxy-
phenyl)-5-(trifluoromethyl)-1H-pyrazole-4-
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carboxylate: 4-methoxyphenyl hydrazine
(0.15mL) and ethyl 2-((N-trifluoromethyl-N-
methylamino)methylene)-3-oxobutanoate  (0.978
mmol) were dissolved in ethanol (5mL) and
refluxed for about 3hr, then evaporated under
reduced pressure. The obtained residue was dis-
solved in ethyl acetate, washed three times with
saturated aqueous solution of sodium bicarbon-
ate, and subsequently extracted with ethyl acetate.
The extracts were dried with the help of anhyd-
rous magnesium sulfate (MgSO,) and then
evaporated under reduced pressure. The oily
product of ethyl 1-(4-methoxyphenyl)-5-(trifluor-
omethyl)-1H-pyrazole-4-carboxylate is obtained
after  purification = of  extracts  through
chromatography.

Step 3: Synthesis of 1-(4-methoxyphenyl)-5-
(trifluoromethyl)-1H-pyrazole-4-carboxylic
(L): Ethanolic (2mL) solution of potassium
hydroxide (4.07mmol) and ethyl 1-(4-methoxy-
phenyl)-5-(trifluoromethyl)-1H-pyrazole-4-carb-
oxylate (0.604 mmol) was refluxed for about 6 hr.

acid

The resulting mixture was allowed to evaporate
under reduced pressure. The aqueous solution of
hydrochloric acid (6 N) was added to obtained
residue to adjust the pH ~1 resulting into white
solid was separated which was extracted with
ethyl acetate and dried over anhydrous MgSO,.
The solid product was purified by chromatog-
raphy to obtain the pure white solid 1-(4-
methoxyphenyl)-5-(trifluoromethyl)-1H-pyrazole-
4-carboxylic acid (L) and progress of reaction
was checked by thin layer chromatography. 78%
yield of product (L) was received with 166°C
melting point. IR (KBr): cm ' 3443 (b), 2967
(w), 2850 (w), 2764 (w), 2363 (w), 1709 (s), 1604
(s), 1564 (s), 1462 (s), 1423 (s), 1374 (m), 1305
(s), 1255 (s), 1183 (s), 1144 (s), 1074 (s), 1025
(s), 962 (s), 922 (s), 838 (s), 777 (s), 744 (m), 667
(m), 603 (m), 546 (s), 508 (w) 446 (w); '"H-NMR
(DMSO, 400MHz): ¢ 3.85 (s, 3H, -OCHs),
7.09-7.12 (d, 2H, Ar-H), 7.45-7.47 (d, 2H, Ar-
H), 8.21 (s, 1H, pyrazole—C—H), 13.31 (s, 1H,
—COOH) ppm; “C-NMR (100 MHz, CDCly): &
556 (O—CHj;), 1143 (Ar—C—-C=0), 127.1
(Ar—CH), 132.1 (Ar—CN), 143.03
(pyrazole—CH), 160.6 (—COOH) ppm. Anal. Cal.
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Figure 1. Synthetic methods and chemical structures of [13] ligand 1-(4-methoxyphenyl)-5-(trifluoromethyl)-1H-pyrazole-4-carbox-

ylic acid (a) and europium(lll) complexes C;-Cs (b). The ligand gets deprotonated on addition of alkali solution and deprotonated
ligand is coordinated to europium(lll) ion at ~7 pH value.



for C12H9N203F33 C, 5036, H, 317, N, 979,
found: C, 50.32; H, 3.14; N, 9.78.

Synthesis of europium(lll) complexes

Ethanolic solution of ligand (3 mmol) was added
to aqueous solution of europium nitrate (1 mmol)
with constant stirring on magnetic stirrer at
room temperature. The pH of resulting solution
was adjusted in the range of 6-7 with the add-
ition of dilute NaOH solution (0.05M) dropwise.
Furthermore, the reaction mixture was stirred for
about 4hr on the magnetic stirrer. The obtained
white crude product was filtered on suction
pump and subsequently washed with water, then
with ethanol three times to remove unreacted lig-
and from the reaction mixture. The filtered pre-
cipitates were dried in oven and finally in
vacuum desiccator to obtain the white powder of
C1 complex (Fig. 1b).

Eu(L);.(H,0), (C1): White solid, yield 70%; IR
(KBr): cm™" 3409 (b), 3005 (w), 2936 (w), 2838
(w), 2359 (w), 2341 (w), 1640 (w), 1582 (m),
1564 (s), 1519 (s), 1463 (w), 1432 (s), 1404 (w),
1327 (s), 1301 (w), 1292 (m), 1257 (s), 1228 (w),
1180 (s), 1137 (s) , 1080 (m), 1040 (s), 971 (s),
836 (s), 799 (s), 749 (w), 683 (w), 630 (w), 604
(w), 546 (m), 507 (w), 478 (w), 464 (w); 'H-
NMR (400 MHz, DMSO): o6 3.78 (s, 9H,
—OCH;), 6.99 (s, 3H, pyrazole -C—H), 7.13-7.14
(d, 12H, Ar-H) ppm; "“C-NMR (100 MHz,
DMSO): 6 55.6 (O-CH3), 114.7 (>C=0), 124.7
(CF;), 131.8 (Ar -CN), 138.8 (pyrazole—CH)
ppm. Anal. Cal. for EuCss HpsNgO;1Fo: C, 41.43;
H, 2.70; N, 8.05; Eu, 14.56; found: C, 41.41; H,
2.67; N, 8.08; Eu, 14.58.

The similar approach was adopted for the syn-
thesis of C2-C4 complexes along with the add-
ition of ethanolic solution of auxiliary ligands,
bathophenanthroline (1 mmol), 1,10-phenanthro-
line (1mmol) and 2,2-bipyridyl (1 mmol),
respectively, in the resulting solution of aqueous
europium nitrate (1 mmol) and ethanolic solution
of ligand (3 mmol). To illustrate the triplet energy
level of ligand, the gadolinium complex of ligand
L [Gd(L);.2H,0O] (G;) was also synthesized by
adopting similar strategy as used for C1 complex.

Eu(L)s.batho (C2): White powder, yield 78%;
IR (KBr): cm™' 3008 (w), 2942 (w), 2839 (w),
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2362 (w), 2338 (w), 1640 (m), 1614 (s), 1581 (m),
1567 (s), 1552 (m), 1518 (s), 1492 (w), 1461 (m),
1439 (s), 1402 (s), 1326 (s), 1292 (s), 1255 (s),
1228 (m), 1182 (s), 1140 (s), 1078 (m), 1039 (s),
970 (s), 834 (s), 800 (s), 764 (m), 748 (w), 701
(w), 644 (w), 628 (w), 604 (m), 572 (w), 545 (m),
505 (w), 478 (w), 464 (w); 'H-NMR (DMSO,
400 MHz): d 3.76 (s, 9H, -OCHj;), 6.94-7.07 (d,
6H, Ar-H), 7.75 (s, 14H, Ar-H), 8.04 (s, 3H,

pyrazole—C—H), 8.32-854 (d, 6H, Ar-H),
9.02-9.09 (s, 2H, Ar-H) ppm; "“C-NMR
(100MHz, DMSO): ¢ 554 (O—CH;), 113.9

(Ar—C—C=0), 1242 (—CF,), 127.1 (Ar—CH),
131.7 (Ar—CN), 137.6 (pyrazole—CH),
147.2-156.4 (Ar—C=C-), ppm. Anal. Cal. for
EuCgoH 4 NgOoFq: C, 53.78; H, 3.01; N, 8.36; Eu,
11.34; found: C, 53.76; H, 3.02; N, 8.34;
Eu, 11.32.

Eu(L);.phen (C3): White solid, yield 75%; IR
(KBr): cm ' 3005 (w), 2961 (w), 2936 (w), 2839
(w), 2360 (w), 2340 (w), 1639 (m), 1620 (s), 1590
(s), 1565 (s), 1553 (m), 1519 (s), 1462 (m), 1430
(s), 1401 (w), 1324 (s), 1313 (s), 1293 (s), 1254
(s), 1230 (m), 1179 (s), 1134 (s), 1080 (m), 1038
(s), 971 (s), 863 (w), 841 (s), 800 (s), 768 (w),
749 (w), 701 (w), 668 (w), 630 (w), 603 (w), 572
(w), 547 (m), 507 (w), 477 (w), 465 (w); 'H-
NMR (DMSO, 400MHz): o6 3.77 (s, 9H,
—OCHS,;), 6.96-7.11 (d, 6H, Ar-H), 7.47 (s, 8H,
Ar-H), 7.96 (s, 3H, pyrazole—C—H), 8.40-8.41(d,
4H, Ar-H), 8.70 (s, 2H, Ar-H) ppm; *C-NMR
(100 MHz, DMSO): & 554 (O—CH,), 113.9
(Ar—C—C=0), 1242 (—CF,), 127.1-127.6
(Ar—CH), 131.7 (Ar—CN), 137.3 (pyrazole—CH),
142.1-159.6 (Ar—C=C—) ppm. Anal. Cal. for
EuC,gH;3,NgOgFq: C, 48.54; H, 2.72; N, 9.43; Eu,
12.79; found: C, 48.55; H, 2.71; N, 941I;
Eu, 12.79.

Eu(L);.bipy (C4): White solid, yield 76%; IR
(KBr): cm ' 3004 (w), 2959 (w), 2936 (w), 2837
(w), 2360 (w), 2341 (w), 1640 (w), 1619 (s), 1563
(s), 1518 (s), 1494 (w), 1461 (m), 1431 (s), 1401
(w), 1323 (s), 1292 (m), 1252 (s), 1231 (m), 1175
(s), 1137 (s), 1079 (s), 1040 (s), 970 (s), 833 (s),
800 (s), 766 (s), 741 (s), 703 (s), 664 (w), 628
(m), 603 (w), 574 (w), 546 (m), 505 (w), 478 (w),
464 (w); "H-NMR (400 MHz, DMSO): & 3.76 (s,
9H, —OCHS,;), 6.95-7.07 (d, 6H, Ar-H), 7.76 (s,
10H, Ar-H), 8.03 (s, 3H, pyrazole—C—H),
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8.32-8.54 (d, 4H, Ar-H) ppm; "“C-NMR
(100 MHz, DMSO): ¢ 554 (O—CH;), 113.5
(Ar—C—C=0), 1243 (—CF3), 127.3-127.7

(Ar—CH), 131.5 (Ar—CN), 137.6 (pyrazole—CH),
141.4-152.3 (Ar—C=C—) ppm. Anal. Cal. for
FuCysH3,NgOoFo: C, 47.48; H, 2.77; N, 9.63; Eu,
13.06; found: C, 47.50; H, 2.76; N, 9.62;
Eu, 13.05.

Gd(L)3.(H,0), (Gl1): White solid, yield 60%;
IR (KBr): cm™' 3412 (b), 3009 (w), 2936 (w),
2838 (w), 2359 (w), 2343 (w), 1642 (w), 1582
(m), 1564 (s), 1552 (m), 1520 (s), 1463 (w), 1431
(s), 1404 (w), 1327 (s), 1302 (w), 1292 (m), 1257
(s), 1228 (w), 1182 (s), 1137 (s) , 1080 (m), 1040
(s), 971 (s), 836 (s), 799 (s), 749 (w), 683 (w),
630 (w), 604 (w), 546 (m), 507 (w), 478 (w), 464
(w). Anal. Cal. for GdC;¢ H,sNgO,Fo: C, 41.22;
H, 2.69; N, 8.01; Gd, 14.99; found: C, 41.19; H,
2.66; N, 7.99; Gd, 15.01.

Biological properties

In vitro antimicrobial properties

The antibacterial activity of the complexes and
ligand (L) was assessed against Gram-positive
and Gram-negative bacterial pathogens named as
Staphylococcus aureus (S. aureus), Escherichia coli
(E. coli), and Pseudomonas aeruginosa (P. aerugi-
nosa), respectively, whereas the antifungal activity
was evaluated against fungal pathogens such as
Aspergillus niger (A. niger) and Candida albicans
(C. albicans). The ciprofloxacin and fluconazole
were used as the standard drugs for estimation of
antibacterial and antifungal activity, respectively.
The dilutions of standard drugs, ligand and com-
plexes were done by dissolving in ethanol to pre-
pare 100 pg/mL concentration of solutions and
resulting solutions were left for incubation The
incubation periods for different pathogens were
24hr at 37°C (bacteria), 7days at 25°C, and
48hr at 37°C for A. niger and C. albicans,
respectively. The mediums such as double
strength  nutrient  broth  LP. (Indian
Pharmacopoeia) for antibacterial and Sabouraud
dextrose IP. for antifungal activity were
employed for in vitro investigations. The anti-
microbial activity was determined in terms of
minimum inhibitory concentration (MIC) of
samples, which clearly pointed out that the

minimum quantity of complexes was sufficient to
prevent the growth of bacteria and fungi, thereby,
can be employed as commercial bactericidal and
fungicides." The complexes can be used as
excellent bactericidal and fungicides.

In vitro antioxidant activity
2,2-Diphenyl-1-picrylhydrazyl hydrate (DPPH)
nitrogen centered stable free radical method was
employed to investigate the antioxidant activity
of ligand and its corresponding europium com-
plexes. The antioxidant activity of complexes was
studied by reaction of DPPH with antioxidant
samples in which the purple color of DPPH solu-
tion convert to yellow color, which produced a
significant absorbance at 517 nm with the help of
UV-vis spectrophotometer. The stock solutions
of tested samples and standard sample (ascorbic
acid) were prepared with different concentrations
such as 25pg/mL, 50pg/mL, 75pg/mL, and
100 pug/mL in ethanol. Then, 1mL solution of
each concentration of different samples and
standard sample was mixed with 1mL DPPH
solution (3 pug/mL) in their respective flasks and
DPPH solution was considered as control. After
that, the mixtures were thoroughly stirred and
kept for incubation in dark for 30 min. After the
completion of incubation period, the absorbance
of different mixtures was recorded at 517 nm
against blank then it converted into percentage
scavenging activity by using Eq. (1). These inves-
tigations were carried out in triplicate containing
99 blocks. ICsq (concentration implementing 50%
inhibition) values of samples were obtained from
the curve, which is plotted between percentage
scavenging activity (% SCA) and various concen-
trations of tested samples.

The scavenging activity of DPPH was esti-

mated by given equation!*):

Scavenging activity (%) W
- [(Abscontrol - Abssample)/Abscontrol] x 100
where Abs.onror  signifies the absorbance of
DPPH + ethanol and Absgmpe represents the
absorbance of DPPH + sample or standard.
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Figure 2. Energy dispersive X-ray spectrum of C, complex of europium(lll) ion with main ligand 1-(4-methoxyphenyl)-5-

(trifluoro-

methyl)-1H-pyrazole-4-carboxylic acid and auxiliary ligand 2,2-bipyridyl. The spectrum confirms the presence of carbon, nitrogen,

oxygen, fluorine and europium elements in C, complex.

Table 1. Percentage analytical data (weight %) of free ligand 1-(4-methoxyphenyl)-5-

(trifluoromethyl)-1H-pyr-

azole-4-carboxylic acid (main ligand), C1 complex of europium(lll) ion with main ligand and complexes C2-C4

with main ligand and auxiliary ligands bathophenanthroline, 1,10-phenanthroline and 2,2-bipyridyl,
respectively.
Complexes C (%) found (Cal.) H (%) found (Cal.) N (%) found (Cal.) Eu (%) found (Cal.)
L 50.32 (50.36) 3.14 (3.17) 9.78 (9.79) -
C1 [Eu(L)3.2H,0] 4141 (41.43) 2.67 (2.70) 8.08 (8.05) 14.58 (14.56)
C2 [Eu(L)3.batho] 53.76 (53.78) 3.02 (3.01) 8.34 (8.36) 11.32 (11.34)
C3 [Eu(L)s.phen] 48.55 (48.54) 2,71 (2.72) 9.41 (9.43) 12.79 (12.79)
C4 [Eu(L)3.bipy] 47.50 (47.48) 2.76 (2.77) 9.62 (9.63) 13.05 (13.06)

L: 1-(4-methoxyphenyl)-5

-(trifluoromethyl)-1H-pyrazole-4-carboxylic acid; batho: bathophenanthroline; phen: 1,10-phenanthroline;

bipy: 2,2-bipyridyl; C: carbon; H: hydrogen; N: nitrogen; Eu: europium; Cal: calculated. The calculated data are closed to the experi-

mentally recorded (found) data.

Results and discussion
Compositions and properties of complexes

The EDAX analysis authenticates the elemental
compositions (carbon, nitrogen, oxygen, fluorine,
and europium) possessed by the complexes,
which is illustrated by EDAX spectrum of C4
complex (Fig. 2). The CHN and complexometric
titration results (Table 1) are in good consonance
with each other, which clearly justify that the
molecular compositions of complexes are in
accordance with proposed formulae of the syn-
thesized complexes as given in Scheme 2. All the
europium complexes are soluble in DMSO, par-
tially soluble in chloroform, acetonitrile, and
ethanol while insoluble in diethyl ether.

Spectral analysis

The FT-IR spectra of ligand (L) (Fig. 3a) and
europium(III) complexes show a remarkable dif-
ferences. The spectra of all complexes C1-C4
resemble to each other indicating that the similar
mode of coordination in complexes, therefore, IR
spectrum of complex C4 is depicted in Fig. 3b as
representative of all complexes. The characteristic
absorption frequencies of ligand (L) and com-
plexes are displayed in Table 2. The absorption
bands of uncoordinated ligand (L) are situated at
1709, 1564, and 1183cm™ ' corresponding to
stretching vibrations of >C=0, >C=N, and
C-F groups, respectively. The IR spectrum of lig-
and (L) displays the absorption bands at 1305
and 1144cm™', which are related to stretching
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Figure 3. Infrared spectra of free ligand 1-(4-methoxyphenyl)-5-(trifluoromethyl)-1H-pyrazole-4-carboxylic acid (a) and europium(lll)
complex C4 (b) with main ligand 1-(4-methoxyphenyl)-5-(trifluoromethyl)-1H-pyrazole-4-carboxylic acid and auxiliary ligand 2,2-
bipyridyl. The coordination of auxiliary ligand 2,2-bipyridyl and main ligand to europium(lll) ion is confirmed by the spectral peaks
in C4; complex.

Table 2. The characteristics infrared spectral frequencies (cm™") of uncoordinated ligand 1-(4-methoxyphenyl)-5-(trifluoromethyl)-
1H-pyrazole-4-carboxylic acid (main ligand) and its corresponding complexes, C1 complex of europium(lll) ion with main ligand
and C2-C4 complexes with main ligand and auxiliary ligands bathophenanthroline, 1,10-phenanthroline and 2,2-bipyridyl,

respectively.

Complexes v (O-H) v (C=0) Vasym (0CO) Vsym (0CO) v (C=N) v (C-F) v (Eu-N) v (Eu-0)
L 3443 (b) 1709 (s) - - 1564 (s) 1183(s) - -
C1 [Eu(L)3.2H,0] 3409 (b) - 1582 (m) 1432 (s) 1564 (s) 1180 (s) - 464 (w)
C2 [Eu(L);.batho] - - 1614 (s) 1439 (s) 1567 (s) 1182 (s) 572 (w) 464 (w)
C3 [Eu(L)s.phen] - - 1620 (s) 1430 (s) 1565 (s) 1179 (s) 572 (w) 465 (w)
C4 [Eu(L)3.bipy] - - 1619 (s) 1431 (s) 1563 (s) 1175 (s) 574 (w) 464 (w)

L: 1-(4-methoxyphenyl)-5-(trifluoromethyl)-1H-pyrazole-4-carboxylic acid; batho-bathophenanthroline, phen-1,10-phenanthroline; bipy: 2,2-bipyridyl; v: fre-
quency of bands; b: broad; s: strong; m: medium; w: weak; sym: symmetric stretching; asym: asymmetric stretching. The changes in stretching frequencies
affirm that the auxiliary ligands and deprotonated ligand are coordinated to europium(lll) ion.

vibrations of C-N and N-N bonds, respectively.
The broad band at 3443cm ™' corresponding to
stretching vibrations of —-OH of carboxylic acid
group (-COOH) in IR spectrum of free ligand
(L) while the broad band at 3409cm ' in the
spectrum of Cl complex is ascertained to ~-OH
groups of coordinated water molecules in Cl1
complex. This broad band vanishes in C2-C4
complexes, showing successfully substitution of
water molecules by auxiliary ligands. The charac-
teristic absorption band of >C=0O group in com-
plexes is also disappeared while two extra
asymmetric (Vasym, COO ™) and symmetric (Vgym,
COO™) absorption bands of carboxylate group
occur in the range of 1582-1614 and
1430-1439cm ™', suggesting the coordination of
carboxylate group in bidentate manner with the
central Eu’" ion as the difference of (Vasym,
COO™) and (Vg COOT) is found in the range

of 150-190cm ™' (<225cm ™ 1).[*% In IR spectra
of free ligand (L) and C1 complex, the band
(1564cm™") corresponding to>C=N group of
pyrazole ring is slightly shifted by 1-3cm ™" in IR
spectra of C2-C4 complexes (1563-1567 cm '),
which may be due to overlapped bands of
>C=N group of pyrazole ring and auxiliary
ligands. This overlapped band confirms the
coordination of auxiliary ligands to trivalent
europium ion (Eu’") in C2-C4 complexes.
Furthermore, the absorption bands present in the
range of 572-574cm”' and 464-465cm ™' in
complexes can be accredited to Eu-N and Eu-O,
respectively, pointing out that Eu’" ion is coordi-
nated through carboxylate group of main ligand
(L) and nitrogen atoms of auxiliary ligands.!'”>®]
The 'H and ">C-NMR spectra of ligand and
europium(III) complexes are recorded in deu-
trated dimethyl sulfoxide (d°-DMSO) solvent at



room temperature. The 'H-NMR spectra of
Eu(III) complexes in comparison of spectra of
free ligand (L) show remarkable changes. The
characteristic absorption peaks of ligand at ¢
13.31, 8.21, 7.45-7.47, and 3.85ppm are accred-
ited to ~-OH of carboxylic acid group, pyrazole
ring proton, aromatic protons and methoxy
(-OCHj3;) group, respectively Fig. 4a. The absorp-
tion peaks at 0 8.21 and 3.85ppm are shifted to
upfield in the range of o0 6.99-8.04 and
3.76-3.78 ppm, respectively, and most of peaks
are broadened upon coordination in the com-
plexes suggesting the paramagnetic character of
Eu’" ion. The absorption peak at § 13.31 ppm of
ligand disappears in complexes clearly reveal that
Eu’" ion coordinates with ligand (L) through
carboxylate group. The appearance of extra aro-
matic peaks ranging from ¢ 7.75-9.09 ppm in
"H-NMR spectra of C2-C4 complexes substanti-
ates the coordination of auxiliary ligands to
europium(III) ion in C2-C4 complexes. The
complex C3 acts as depictive of all the complexes
because the spectral profiles of all the complexes
are alike, hence, 'H-NMR spectrum of C3 com-
plex is manifested in Fig. 4b. >’C-NMR peaks of
ligand (L) are positioned at 6 143.0, 132.1, 127.1,
and 55.6ppm corresponding to pyrazole -CH,
Ar-CN, Ar-CH, and -OCHj3; groups, respectively,
which are shifted to higher field on complexation
as compared to free ligand (L) pointing out the
paramagnetic chemical environment around Eu’*
ion. The peak at ¢ 160.6ppm due to ~-COOH
group in C-NMR spectrum of ligand (L) is not
visible in the complexes, which indicates that the
ligand L is coordinated to Eu’" ion through
carboxylate group. Hence, the above analyses of
IR, '"H-NMR, and >C-NMR spectroscopy are in
agreement with each other.

UV-visible absorption spectroscopy

The UV-vis absorption spectra of ligand (L) and
Eu(III) complexes (C1-C4) are manifested in Fig.
5. The absorption maxima of ligand (L) is
obtained at 259 nm corresponding to 7—n* elec-
tronic transitions of ligand whereas the absorp-
tion maxima of complexes are located at 265 nm
(C1), 273nm (C2-C3), and 282nm (C4). This
shift in absorption maxima (6-23nm) of
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complexes C1-C4 toward higher wavelength
region suggests the energy gap between HOMO
(highest occupied molecular orbital) and LUMO
(lowest unoccupied molecular orbital) decreases
upon coordination, which results into more
effective energy transfer from ligand to

Eu®* ion.[*"]

Band-gap analysis

The plot of absorption coefficient with photon
energy is obtained from the diffused reflectance
(DR) data by special calculation. The spectral
profile of europium(III) complexes (C1-C4) are
identical, hence, C4 complex acts as depictive of
all complexes C1-C4. The plots of absorption
coefficient against photon energy for ligand (L)
and its respective europium(III) complexes are
demonstrated in Fig. 6a, b, respectively, while
their respective diffuse reflectance spectra are dis-
played in insets of these figures. The optical
energy band-gap (E;) values of complexes are
determined by transformation of diffused reflect-
ance spectra as shown by Kubelka and Munk and
it is narrated by employing the general equation

as given below!?!:

[F(Roo)h]" = C(hv — Ey) )

In the above equation, E, denotes the energy
of band-gap, C represents the constant of propor-
tionality, h denotes Planck’ constant and v desig-
nates the frequency of incident radiation. The
values of exponent n for indirect allowed transi-
tion, direct allowed, indirect forbidden and direct
forbidden transition are 0.5, 2, 3, and 1.5,
respectively. The symbol F(R.) signifies the
Kubelka-Munk function whose value is demar-
cated as!®";

_ (I_ROO)Z K

== (3)

F(Ro
(Rec) 2Ry, S

where R, symbolizes the ratio of R,ormal/Rstandard
while K and S presents the absorption and scat-
tering coefficient, respectively. The optical energy
band-gap (E,) of ligand and complexes are calcu-
lated by extrapolating a tangent against photon
energy (hv) with [F(Roo)hv)? = 0 in Tauc plots.
The optical band-gap energy of C1-C4 complexes
(3.98-3.37¢eV) are found to be less than that of
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Figure 4. Proton nuclear magnetic resonance spectra of free ligand 1-(4-methoxyphenyl)-5-(trifluoromethyl)-1H-pyrazole-4-carbox-
ylic acid (a) and Cz3 complex of europium(lll) ion (b) with main ligand 1-(4-methoxyphenyl)-5-(trifluoromethyl)-1H-pyrazole-4-carbox-
ylic acid and auxiliary ligand 1,10-phenanthroline recorded in deuterated dimethyl sulfoxide solvent. The spectral profile of C;
complex suggest that the main ligand is coordinated to europium(lll) ion after removal of proton.



ligand (5.63eV), which confirms the decrease of
energy difference between HOMO and LUMO.
This decrease results into more effective energy
transfer from ligand to excited levels of Eu(III)
ion. Further, the band-gap energy range
(3.98-3.37eV) of complexes (C1-C4) is in
accordance with the energy gap (2-4¢eV) of wide
band-gap semiconductors (WBGs). Therefore, the
complexes are considered as worthy contender in
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Figure 5. Absorption spectra of ligand 1-(4-methoxyphenyl)-5-
(trifluoromethyl)-1H-pyrazole-4-carboxylic acid (main ligand), C;
complex of eupoium(lll) ion with main ligand and C,—C, com-
plexes with main ligand and auxiliary ligands bathophenan-
throline, 1,10-phenanthroline and 2,2-bipyridyl, respectively,
recorded in dimethyl sulfoxide solvent. The absorption spectra
of complexes display the red shift as compared to ligand.
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lasers, military radars and energy converting sys-
tems. Nowadays, according to the energy depart-
ment of US (United State), these europium(III)
complexes can be employed as efficient semicon-
ductors for developing the new electrical technol-
ogies and alternate energy devices.!*

Thermal analysis

The thermal stability of europium(III) complexes
(C1-C4) has been investigated by thermogravi-
metric (TG) and differential thermogravimetric
(DTG) analyses from ambient temperature to
800°C in the presence of nitrogen gas flow. All
europium(III) complexes exhibit the similar order
of thermal decomposition, hence, the decompos-
ition pattern of C4 complex is considered as rep-
resentative of all complexes as shown in Fig. 7.
The TG curve of complex represents the loss of
moisture (3.47%) in first step. The complex starts
to decompose at 152°C and ends up to 572°C,
which leads to removal of one auxiliary ligand
bipy and three main organic ligands (L) with
weight loss of 86.98%. The theoretical and calcu-
lated values are found to be close to the total
mass loss of complex. At last, europium oxide is
leftover as final residue. The above fact suggests
that these luminescent complexes have optimum
thermal stability up to 152°C, hence, the com-
plexes can be acted as emitting materials in
OLEDs fabrication.!*"’
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Figure 6. Tauc plots of main ligand 1-(4-methoxyphenyl)-5-(trifluoromethyl)-1H-pyrazole-4-carboxylic acid (a) and C; complex of
europium(lll) ion with main ligand and auxiliary ligand 2,2-bipyridyl (b) while their insets display the corresponding diffuse reflect-
ance spectra. The plots illustrate the decreasing of energy difference between highest occupied molecular orbital and lowest
unoccupied molecular orbital in C; complex on the basis of band-gap energy.
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Figure 7. Thermogravimetric and differential thermogravimet-
ric curves of complex C4 of europium(lll) ion with main ligand
1-(4-methoxyphenyl)-5-(trifluoromethyl)-1H-pyrazole-4-carbox-

ylic acid and auxiliary ligand 2,2-bipyridyl documented under
inert atmosphere of dinitrogen gas. The curves indicate that
the complex C, possess an optimum thermal stability (152 °C).

Photoluminescence characterization

To analyze the photoluminescence properties of
luminescent Eu(III) complexes, the excitation
spectra of complexes are recorded by fixing
>Dy—'F, prominent emission transition of Eu’"
ion, in 200-500 nm range with 400 PMT voltage
as displayed in Fig. 8. One can find that the exci-
tation spectra of the complexes consist of bands
in two regions, a remarkable broad band in
higher energy region (200-370 nm) with maxima
at different wavelengths for the corresponding
complexes such as 320nm (Cl), 321nm (C2),
344nm (C3), and 356nm (C4), which can suc-
cessfully be accredited to n—n™ ligand centered
transition. The lower energy region (358-470 nm)
of excitation spectra of complexes contains the
less intense peaks at 361, 375, 382, 395, and
465nm, which are allocated to “Fy—’D.,,
"Fo—"Gy, "Fo—"G3, "Fo—"Ls, and "Fy—"D, char-
acteristics transitions of Eu>" jon.[?%%*

Further, the emission spectra of europium(III)
complexes are scanned at room temperature
within the range of 400-700 nm on applying the
maximal excitation wavelength of corresponding
complexes C1-C4. The emission spectra of
Eu(III) complexes (Fig. 9) are composed of emis-
sion peaks at 580, 592, 614 (Cl) and 615
(C2-C4), 657 (C1-C2, C4), 661 (C3) and 698
(C1-C3), 699nm (C4), which are ascribed to
*Dy—"Fog, "Do—'F;, °Doy—’F,, °Dy—’Fs;, and
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Figure 8. Solid state excitation spectra of C; complex of
europium(lll) ion with main ligand 1-(4-methoxyphenyl)-5-(tri-
fluoromethyl)-1H-pyrazole-4-carboxylic acid and C,-C; com-
plexes with main ligand and auxiliary ligands such as
bathophenanthroline, 1,10-phenanthroline and 2,2-bipyridyl,
respectively, recorded by fixing the wavelength of intense
emission peak. The wavelengths of excitation maxima are scru-
tinized as 320nm (C;), 321nm (C), 344nm (G), and
356 nm (C,).

*Do—’F, transitions, respectively.*! The weak
emission peaks corresponding to D;—"F,,
°D,—’F,, °D,—’F, transitions centered at 526,
536 and 554 (C1-C2, C4), 555nm (C3) are
observed in the spectra of Cl1-C4 complexes,
which are presented in inset of Fig. 9 (C3-C4
complexes) for clear inspection of transitions. In
addition, a diminished peak at 468 nm assigned
to °D,—’F, transition is also discernible in emis-
sion spectra of complexes. Among these emission
peaks, the most prominent peak located at
615nm (C2-C4) and 614nm (C1) emanates from
induced electric dipole allowed transition
°Do—’F,, which corresponds to bright red emis-
sion of Eu’" ion. The magnetically allowed
dipole transition (°Dy—"F,) is insensitive to site
symmetry whereas the emission signal corre-
sponding to electric dipole transition (°Dy—"FE,)
is extremely sensitive to local symmetry around
Eu’" ion in the coordination sphere. The transi-
tions *Dy—"F, and *Dy—"F; are parity forbidden
transitions according to selection rule while
°D,—F, transition is electronically allowed tran-
sition and the peak corresponding to this transi-
tion shows stark splitting, which supports the
asymmetric environment around Eu’® ion. Of
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Figure 9. Room temperature emission spectra of C; complex of europium(lll) ion with main ligand 1-(4-methoxyphenyl)-5-(trifluor-
omethyl)-1H-pyrazole-4-carboxylic acid and C,—C, complexes with main ligand and auxiliary ligands such as bathophenanthroline,
1,10-phenanthroline and 2,2-bipyridyl, respectively. The graph demonstrate the different transitions emanating from lower energy
excited level of europium(lll) ion while insets display the less intense peaks corresponding to different transitions which are origi-
nated from lower energy and higher energy excited levels of europium(lll) ion in C3 and C; complexes.

note, the emission signal with respect to electric
dipole (°’Dy—"F,) transition is about three fold
stronger than the signal of magnetic dipole tran-
sition, which recommends that Eu’* ion is
devoid of an inversion center.!*”) The C-F oscil-
lators in main ligand (L) reduce energy loss non-
radiatively during vibration of organic ligand,
which improves the luminescence efficiency of
the complexes. It is worthy noted that the photo-
luminescence emission signal of europium(III)
complexes (C2-C4) can be further improved by
removing the vibronic quenching produced by
high energy O-H oscillators of water molecules
present in coordination sphere of Cl1 complex.
This can be removed by incorporation of rigid
and highly conjugated auxiliary ligands in coord-
ination sphere in place of water molecules, which
can be enhanced the emission signal strength of
C2-C4 complexes up to a great extent via syner-
gistic effect.

The percentage branching ratios of lumines-
cent europium(IIl) complexes are found to be
almost greater than 60% with respect to electric
dipole transition Dy—'F, as listed in Table 3.
The branching ratios are obtained on dividing

the integrated area of peak corresponding to
°Do—’F, transition by total integrated area of all
emission peaks. The branching ratios of the com-
plexes C1-C4 for electric dipole transition
(°Dy—’F,) are laid in the range of 64.41-74.43%,
hence, the complexes act as promising candidates
in the laser diodes.!®

The CIE (Commission Internationale de
PEclairage) color coordinates (x and y) of
europium(III) complexes are determined with the
help of emission spectral data by using MATLAB
software. The chromaticity coordinates of com-
plexes 0.4696, 0.2486 (Cl1), 0.5691, 0.2956 (C2),
0.6093, 0.3381 (C3), and 0.6403, 0.3462 (C4),
respectively, are tabularized in Table 3, which are
presented in the x-y plane. The chromaticity
coordinates of complexes C1-C4 are well located
in red region of chromaticity diagram as demon-
strated in Fig. 10. The CIE values of C4 complex
are well comparable to SMPTE (Society of
Motion Picture and Television, x =0.63, y = 0.34)
and EBU (European Broadcasting Union,
x=0.64, y=0.33) due to high intense red color
of this complex, thus, proving to be an excellent
red component in OLEDs.!*”]
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Table 3. Color coordinates, branching ratios with respect to *Do—’F, transition of europium(lll) ion and color purity of complex
C; of europium(lll) ion with 1-(4-methoxyphenyl)-5-(trifluoromethyl)-1H-pyrazole-4-carboxylic acid as main ligand and complexes
C,-C,4 with main ligand and auxiliary ligands bathophenanthroline, 1,10-phenanthroline and 2,2-bipyridyl, respectively.

Complexes Color coordinates (x, y) 5Do—"Fo *Dy—"F, 5Do—"F, 5Do—"F3 5Do—"F4 le1s/ Ison CP (%)
C1 [Eu(L)3.2H,0] (0.4696, .2486) 2.84 25.66 64.41 3.25 3.84 2.51 56.40
C2 [Eu(L)s.batho] (0.5691, .2956) 2.28 22.89 73.72 0.92 0.19 3.22 61.44
C3 [Eu(L)s.phen] (0.6093, .3381) 2.21 22.15 73.58 0.56 1.49 332 84.64
C4 [Eu(L)s.bipy] (0.6403, .3462) 2.15 22.06 7443 0.45 0.91 3.37 93.83

L: 1-(4-methoxyphenyl)-5-(trifluoromethyl)-1H-pyrazole-4-carboxylic acid; batho: bathophenanthroline; phen: 1,10-phenanthroline; bipy: 2,2-bipyridy; x, y:
coordinates along x and y-axis; *Do—Fo, *Do—F1, *Do—’F,, >Do—’F; and *Dy—’F,: transitions from lowest excited level (°Dy) to ground levels ('F, _ ¢
1.2, 3, 4) of europium(lll) ion, respectively; CP(%): percentage color purity; lg;s and lso,: integrated areas of emission peaks at wavelengths of 615 nm and
592 nm. The color purity and color coordinates confirm the light emitted by europium complexes.
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Figure 10. Color coordinates of complex C; of europium(lll)
ion with main ligand 1-(4-methoxyphenyl)-5-(trifluoromethyl)-
1H-pyrazole-4-carboxylic acid and C,—C, complexes with main
ligand and auxiliary ligands bathophenanthroline, 1,10-phenan-
throline and 2,2-bipyridyl, respectively, in chromaticity diagram.
The chromaticity diagram reveals that the color coordinates of
complexes (C1: x = 0.4696, y = 0.2486, C2: x = 0.5691, y =
0.2956, C3: x = 0.6093, y = 0.3381, C4: x = 0.6403, y =
0.3462) lie in red region of chromaticity diagram, which con-
firm the emitted color of complexes (color figure online).

The color purity (CP) of the complexes is
determined with respect to illuminated coordi-
nates (x; = 0.33, y; = 0.33) in CIE color gamut
space, indicates that how strongly a particular
complex may be acted as red color emitter. The
color purity is weighted average of dominant
emission color coordinates of that sample (x, ys)
and dominant wavelength coordinates (x4, ya4)
with respect to standard CIE 1931 illuminated
coordinates (x;, y;) as shown by the following
equation[zslz

x 100% (4)

v [T 50T
(xa = xi)" + (va = i)

The color purity (CP) of complexes (C1-C4) is
found in the range of 56.40-93.83%, which is
enlisted in Table 3. The dominant color purity of
C2-C4 complexes is due to presence of auxiliary
ligands which intensify the luminescence of these
complexes. Hence, the complexes can be consid-
ered as red light emitting component in fabrica-
tion of tricolor RGB (red, green, and blue)
based white organic light emitting
diodes (WOLEDs).!”!

To investigate the homogeneous environment
around the Eu’" ion, the photoluminescence
decay curves of Eu(IIl) complexes are recorded
for °Dy—’F, transition and pulsed excitation of
corresponding complexes. The photolumines-
cence decay curves are satisfactory fitted into the
first order exponential equation as given

below!3°!:
I=1 exp(—t/1) (5)

where exp represents the exponential function, ©
symbolizes the lifetime for radiative emission,
while I and I, are the integrated areas of photo-
emission peak corresponding to *Dy—'F, transi-
tion at time t and 0, respectively. The decay
curves are well fitted into first-order exponential
function, which prove the possibility of homo-
genous chemical environment around the emit-
ting Eu®>" ion!”! as demonstrated in Fig. 11. The
decay time values of europium complexes
(C1-C4) are found in the range of
0.3893-1.5706 ms as reported in Table 4. The
shorter decay time of Cl complex is associated
with dominant non-radiative decay channels
induced by vibronic coupling of O-H oscillators



of water molecules present in coordination sphere
of C1 complex. It is noteworthy pointing that the
presence of auxiliary ligands in place of water
molecules in C2-C4 complexes is diminished the
non-radiative decay channels. This also improves
the lifetime (7) of excited states through radiative
decay pathway resulting into an efficient energy
transfer from ligands to Eu®" ion."*"!

The luminescent properties of Eu(IIl) com-
plexes are further assessed by evaluating the
internal quantum efficiency (1) of the complexes.
The internal quantum efficiency () of °D,
excited level of Eu’* ion is calculated by employ-
ing the photoluminescence lifetime (7) and emis-
sion spectral data, which is demarcated by the

following equation!®*:

-
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Figure 11. The photoluminescent decay curves of complex C;
of europium(lll) ion with main ligand 1-(4-methoxyphenyl)-5-
(trifluoromethyl)-1H-pyrazole-4-carboxylic acid and complexes
C,-C4 with main ligand and auxiliary ligands such as batho-
phenanthroline, 1,10-phenanthroline and 2,2-bipyridyl, respect-
ively, recorded with respect to wavelength of intense
emission peak.
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A
n= # (6)
Amd + Anmd

In aforementioned equation, A, .4 and A4 rep-
resent the non-radiative and radiative decay rate
constants, respectively. The internal quantum effi-
ciency () helps to investigate the interaction
between the radiative and non-radiative decay
processes and lies in the range of 7.84-36.69% for
C1-C4 complexes (Table 4). It can be noticed that
the internal quantum efficiency (1) of C2-C4 com-
plexes is comparatively higher than Cl complex
due to the presence of auxiliary ligands which
populate the higher excited levels of Eu’* ion by
synergistic effect, thus, the complexes support the
advanced display devices fabrication.

Further, the radiative and non-radiative decay
processes are related to radiative lifetime (7)

according to given equation as expressed
below!**!;
1
Atotal :;:Arad+ Anrad (7)
The certain photoluminescence parameters

(Atotab Anrad» Arad» and 7) are tabulated in
Table 4. The radiative decay rate (A,,q4) is eval-
uated by addition of radiative decay rates of each
distinctive transitions *Dy—"F; (J=0, 1, 2, 3, 4)
of Eu>" ion. The radiative decay rate, Ay is not
estimated due to absence of emission peak corre-
sponding to °Dy—’Fe transition. Hence, this
radiative rate does not involve in the depopula-
tion of excited level of Eu’" ion. The radiative
decay rate (Aq;) of each transition can be calcu-

lated by using the following equation**!:

I
Aoy = Ao <ﬂ> <ﬂ) (8)
In Voy

where Iy and vy represent the integrated areas
of emission peaks and energy barycenter for cor-
responding 5D0—>7F] transitions (J=0, 1, 2, 3, 4),

Table 4. Experimentally calculated photoluminescent data of complex C; of europium(lll) ion with 1-(4-methoxyphenyl)-5-(tri-
fluoromethyl)-1H-pyrazole-4-carboxylic acid as main ligand and C,—C, complexes with main ligand and auxiliary ligands
bathophenanthroline, 1,10-phenanthroline and 2,2-bipyridyl, respectively.

Complexes 7 (ms) Avotal (571 A (57 Anrad (571 Q, (107%cm?) Q, (107 %cm?) 1 (%)
C1 [Eu(L)3.2H,0] 0.3893 2568.71 201.45 2367.26 2.88 0.20 7.84
C2 [Eu(L)s.batho] 1.2651 790.45 224.85 565.6 371 0.01 28.45
C3 [Eu(L)s.phen] 1.5307 653.30 232.40 420.9 3.82 0.09 35.57
C4 [Eu(L)s.bipy] 1.5706 636.70 233.59 403.11 3.88 0.05 36.69

7 (ms): luminescent lifetime in millisecond; A,.q4: radiative rate constant; A.q: non-radiative rate constant; Ay total radiative rate constant; #: internal
quantum efficiency; Q, and €,: Judd-Ofelt parameters; L: 1-(4-methoxyphenyl)-5-(trifluoromethyl)-1H-pyrazole-4-carboxylic acid; batho: bathophenanthro-

line; phen: 1,10-phenanthroline; bipy: 2,2-bipyridyl.
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respectively while Ay, represents Einstein’s coeffi-
cient of spontaneous emission for parity-allowed
(°Dy—’F,) transition which is independent of lig-
and field in the coordination sphere, therefore, it
can be used as an internal reference and its value
comes out to be about 505" in air.”*"!

The Judd-Ofelt theory is put forward by Judd
and Ofelt scientists, which is very helpful in
investigation of asymmetric environment around
metal ion and also determine the f-f electronic
transitions by utilizing the Judd-Ofelt parameters
Q, (=2, 4. qQ, is primarily sensitive to
chemical field created by the surrounding ligands,
while €, mainly relies upon the metal-ligand dis-
tance which in turn related to rigidity of the sys-
tem. Judd-Ofelt parameters (€, and Q) are
calculated by using the following equation:

Q/l = 3hC3A0]/4eZCO3X<5DO|U(}~)|7F]>2 (9)

In the above equation, ¢ denotes the velocity
of light, h=h/2n, h corresponds to Planck’s con-
stant, ¥ = n*(n*+2)*/9 represents the local field
Lorentz correction term, e symbolizes the elec-
tronic charge (4.8 x 107'% es.u.), and n signify
the refractive index (n=1.5). The term (*Do[U”|
’Fj)* denotes the squares of reduced matrix elem-
ent having values 0.0032 (°Dy—"F,) and 0.0023
(5D0—>7F4).[37] The calculated values of Q, and
Q, for Cl-C4 complexes are summarized in
Table 4. Higher value of Q, for C2-C4 complexes
reflects the presence of more covalence character
and asymmetric chemical environment around
the europium(III) ion whereas greater value of
Q, reflects the high rigidity of C2-C4 complexes
due to presence of auxiliary ligands in
C2-C4 complexes.

Scanning electron microscopy analysis

The surface morphology of the particles is con-
firmed by SEM analysis which indicates that the
particles possessed by the complexes are crystal-
line in nature. The particles morphology of all
complexes is represented by SEM micrograph of
C4 complex as manifested in Fig. 12, which dem-
onstrates that the particles are crystalline in
nature and some particles are seen in conglomer-
ated stage.

e ‘}r'w ".

x5.50'0 2um

T

Figure 12. Scanning electron microscope image of C, complex
of europium(lll) ion with main ligand 1-(4-methoxyphenyl)-5-
(trifluoromethyl)-1H-pyrazole-4-carboxylic acid and auxiliary lig-
and 2,2-bipyridyl. The image indicates the crystalline nature of
particles which are possessed by complex C,.

Analysis of biological activity

Antimicrobial properties
The antibacterial property of ligand (L) and its
respective complexes are assessed against Gram-
positive and Gram-negative bacterial pathogens
such as S. aureus and E. coli, P. aeruginosa,
respectively, by using ciprofloxacin as standard
drug. The fungal pathogens like A. niger and C.
albicans are used to determine the antifungal
activity of complexes against fluconazole as
standard drug. These antimicrobial activities are
investigated in terms of MIC values as reported
in Table 5 and represented by bar graph of C4
complex in Fig. 13. The recorded MIC values
suggest that europium(III) complexes are acted as
more potent than ligand (L) and reference drugs
used. For S. aureus, C2 and C3 complexes
(6.25ug/mL) are more active than Cl and C4
complexes (12.5pug/mL). Against E. coli, C2 com-
plex (3.13pg/mL) shows significantly greater
activity and C3-C4 complexes (6.25pg/mL) are
moderate active whilst C1 complex (12.5pg/mL)
is inactive against this bacterial pathogen. In the
case of P. aeruginosa, C2-C3 complexes (3.13 pg/
mL) are more active than C1 and C4 complexes
(6.25 pg/mL). It is clearly revealed that the order
of antibacterial potential of the complexes is
found to be C2>C3>C4 > Cl.

Against C. albicans, C4 complex (3.13 pg/mL)

is more active than other complexes



Table 5. Minimum inhibitory concentration values of main lig-
and 1-(4-methoxyphenyl)-5-(trifluoromethyl)-1H-pyrazole-4-car-
boxylic acid, complex C; of europium(lll) ion with main ligand
and complexes C,—C,4 with main ligand and auxiliary ligands
bathophenanthroline, 1,10-phenanthroline and 2,2-bipyridyl,
respectively, determined against ciprofloxacin (bacteria) and
fluconazole (fungi) standard drugs.

Minimum inhibitory concentration (pg/mL)

Complexes MIC, MICec MIC,, MIC., MIC,,
L 12,5 125 12.25 25.0 125
C1 [Eu(L)32H,0]1 125 125 6.25 6.25 125
C2 [Eu(L)s.batho] 6.25 3.13 3.13 12,5 3.13
€3 [Eu(L);.phen] 6.25 6.25 3.13 12,5 6.25
C4 [Eu(L)s.bipy] 12,5 6.25 6.25 3.13 6.25
SD 25.0° 12,52 1252 25.0° 12.5°

MIC: minimum inhibitory concentration; L: 1-(4-methoxyphenyl)-5-(trifluor-
omethyl)-1H-pyrazole-4-carboxylic acid; batho: bathophenanthroline; phen:
1,10-phenanthroline; bipy: 2,2-bipyridyl; sa: Staphylococcus aureus; ec:
Escherichia coli; pa: Pseudomonas aeruginosa (bacterial pathogens) and
ca: Candida albicans; an: Aspergillus niger (fungal pathogens); a: ciprofloxa-
cin; b: fluconazole; SD: standard drugs; pg/mL: microgram per milliliter.
The bold values represent the lowest minimum inhibitory concentrations
and highest antimicrobial activities.
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Figure 13. Antimicrobial activity of main ligand 1-(4-methoxy-
phenyl)-5-(trifluoromethyl)-1H-pyrazole-4-carboxylic acid and C,
complex of europium(lll) ion with main ligand and auxiliary lig-
and 2,2-bipyridyl investigated against the standard drugs,
ciprofloxacin (bacteria), and fluconazole (fungi). The bar graph
demonstrates that the ligand is less active agent than
C4 complex.

(6.25-12.5 ng/mL), while ligand L (25.0 pg/mlL) is
acted as inactive agent. Furthermore, the complex
C2 (3.13pg/mL) is excellent and C3-C4 com-
plexes (6.25pug/mL) are moderate antifungal
agents against A. niger whereas Cl complex
(12.5pg/mL) are totally inactive against this fun-
gal pathogen. It can be noted that the antimicro-
bial activity of C2 complex is comparatively
greater than other complexes (C1, C3-C4), hence,
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this complex is considered as more powerful anti-
microbial agent. It is noteworthy pointed that
highly conjugated system of auxiliary ligand
batho with nitrogen donor atoms increase the
delocalization of m-electrons over the whole lig-
and, hence, it increases the lipid attracting ten-
dency of Eu’" ion. Thus, Eu’" ion can be
penetrated into the cell wall of microorganisms
to a deep area, which consequently inhibits the
growth of microbes and enhance the antimicro-
bial potential of complexes as compared to ligand
(L) and reference drugs used.?8:3°]

Antioxidant activity

Antioxidant activity of complexes and ligand (L)
are determined by DPPH method. DPPH gets
diamagnetic character by accepting the hydrogen
radical from antioxidant complexes which results
into absorbance of the complexes gets decrease
and scavenging activity gets increased. A straight
line graph is obtained between percentage scav-
enging activity (% SCA) and concentrations of
samples, which is displayed in Fig. 14. Higher
percentage scavenging activity (% SCA) of com-
plexes increases the capability of complexes
toward antioxidant activity. ICsq and percentage
scavenging activity (% SCA) of the complexes are
indexed in Table 6. It is clear from Table 6 that
the free ligand L (IC5 = 61.92pg/mL) is less
active than standard ascorbic acid (IC5y =
46.71 ng/mL) and complexes Cl1-C4 (IG5 =
58.75-49.70 ng/mL). In the complexes, ligand
donates its electron density to Eu’" ion, hence,
hydrogen atom gets easily ionized, which quench
the DPPH activity and increase the antioxidant
activity of complexes.!*”! The antioxidant activity
of C2-C4 complexes is enhanced through syner-
gistic effect of auxiliary ligands.*’! The above
fact suggests that the complexes C2-C4 are acted
as an excellent antioxidant agent as compared to
C1 complex and ligand (L).

Energy transfer mechanism

The emission spectral data is very helpful to
interpret the energy transfer mechanism in the
complexes and also ascertain the strength of
photoemission signal of complexes. The mechan-
ism involves the energy transfer from excited
singlet level to triplet level of ligand (L) via
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Figure 14. Variation of percentage scavenging activity with concentration for main ligand 1-(4-methoxyphenyl)-5-(trifluoromethyl)-
1H-pyrazole-4-carboxylic acid, C; complex of europium(lll) ion with main ligand and complexes C,—C, with main ligand and auxil-
iary ligands such as bathophenanthroline, 1,10-phenanthroline and 2,2-bipyridyl, respectively, determined against ascorbic acid
(standard). The graph clearly reveals that the complex C, is acted as an efficient antioxidant agent on the basis of percentage

scavenging activity.

Table 6. The recorded percentage scavenging activity and
50% inhibitory concentration of free ligand 1-(4-methoxy-
phenyl)-5-(trifluoromethyl)-1H-pyrazole-4-carboxylic acid, C,
complex of europium(lll) ion with 1-(4-methoxyphenyl)-5-(tri-
fluoromethyl)-1H-pyrazole-4-carboxylic acid as main ligand
and C,-C, complexes with main ligand and auxiliary ligands
bathophenanthroline, 1,10-phenanthroline and 2,2-bipyridyl,
respectively, against ascorbic acid (standard) at different
concentrations.

Concentration (ug/mL)

Complexes 25 50 75 100 1Cs0
L 25.86 42.12 58.58 74.96 61.92
1 [Eu(L)3.2H,0] 27.35 4447 60.88 7743 58.75
2 [Eu(L)s.batho] 29.48 46.22 62.16 78.59 56.22
3 [Eu(L)3.phen] 31.95 49.04 65.31 82.02 51.94
C4 [Eu(L)s.bipy] 33.81 50.29 66.55 83.11 49.70
Ascorbic acid 35.87 52.16 68.35 85.27 46.71

% SCA: percentage scavenging activity; ICso: 50% inhibitory concentration;
L: 1-(4-methoxyphenyl)-5-(trifluoromethyl)-1H-pyrazole-4-carboxylic  acid;
batho: bathophenanthroline, phen: 1,10-phenanthroline; bipy: 2,2-bipyr-
idyl; ug/mL: microgram per milliliter. The highest antioxidant activity of
complexes is confirmed by highest value of percentage scaveng-
ing activity.

intersystem crossing, finally to excited emissive
levels (SD]) of Eu®" ion through excited triplet
level of ligand. The excited emissive level (°Dy)
gets relax to ground levels ("Fj), which emit lumi-
nescence in visible region. The excited singlet
(31,546 cm™ ') and triplet (24,752 cm ™) energy
levels of ligand (L) are determined by referring to

their shortest edge wavelength of UV-vis absorp-
tion spectrum of ligand (L) (Fig. 5) and lowest
emission band of phosphorescence spectrum of
Gd(L);.2H,O complex (G1l) (Fig. 15), respect-
ively. The phosphorescence emission spectrum of
G1 complex is ligand centered emission because
the lowest emissive level of Gd’' ion is posi-
tioned at about 32,000cm™ ', which does not
allow the transfer of energy from excited triplet
level of ligand to emissive level of Gd*" ion.!'®!
Similarly, the singlet and triplet energy levels of
auxiliary ligands like bipy (S;: 29,900cm™ ", T;:
22,900cm '), phen (S;: 31,000cm ', Ty
22,100cm™ '), and batho (S;: 29,000cm™ ', T;:
21,000cm ") are determined, which are properly
matched with the values reported in literature.'*?!
The energy transfer rate depends upon two main
processes. In the first case, the energy transfer
from lowest excited triplet level of ligand to emis-
sive level of metal ion takes place according to
Dexter’s electron exchange interaction theory.!*’!
This theory proposed that more efficient energy
transfer takes place, if more suitable energy gap
is present between triplet level of ligand and

emissive level of metal ion. The transfer
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Figure 15. Phosphorescence spectrum of Gadolinium complex

of ligand 1-(4-methoxyphenyl)-5-(trifluoromethyl)-1H-pyrazole-

4-carboxylic acid in solid state. The energy of excited triplet

level of ligand is determined from the lowest band wavelength

(404 nm).

probability constant (P;) is expressed as

ps— <27;ZZ> JFS(E).éS(E).dE (10)

Here, Fg(E) represents the shape of emission
band of energy donor triplet level of ligand, &
(E) shows the shape of absorption spectrum of
energy acceptor metal ion and 27Z*/h term is
constant. The second case deals with the thermal
de-excitation or inverse energy transfer from
metal ion to ligand, which can be represented as

K(T) = Ae(#) (11)

Here, AE is energy difference between emissive
level of metal ion and lowest excited triplet level
of ligand and K(7T) is thermal de-excitation con-
stant. Therefore, the value of transfer probability
constant (Ps) decide the efficiency of energy
transfer process from ligand to metal ion.

On the other hand, the scientist Reinhoudt
proposed that the efficiency of intersystem cross-
ing controlled by energy gap AE;(S;-T;) between
excited singlet (S;) and triplet (T;) level of ligand
that should be at least 5000 cm™".1**! The value
of AE; for ligand (L) is found to be 6794cm ™" as
demonstrated in Table 7, which permits the
effective intersystem crossing in the complexes.
The emissive levels of Eu’" ion are positioned at
17,241, 18,657, and 21,368 cm ™' corresponding to
°Dy—’F, (580nm), °D,—’F, (536nm), and
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Table 7. Energy (cm™") of excited levels of ligand 1-(4-
methoxyphenyl)-5-(trifluoromethyl)-1H-pyrazole-4-carboxylic
acid and auxiliary ligands bathophenanthroline, 1,10-phenan-
throline and 2,2-bipyridyl.

Ligands (S4) (Ty) AE,(5,-Ty) AE(T;->D) AE,(T,-°D;)
L 31,546 24,752 6794 7511 6095
Bipy 29,900 22,900 7000 5659 4243
Phen 31,000 22,100 8900 4859 3443
Batho 29,000 21,000 8000 3759 2343

S; and Tq: lowest excited singlet and triplet energy levels of ligands,
respectively; AE: energy difference; °Do and °D;: excited energy levels of
europium(lll) ion; L: 1-(4-methoxyphenyl)-5-(trifluoromethyl)-1H-pyrazole-
4-carboxylic acid; batho: bathophenanthroline, phen: 1,10-phenanthroline;
bipy: 2,2-bipyridyl.

°D,—’F, (468 nm) transitions, which are observed
in emission spectra of complexes. The value of
energy gap (T;-Eu’") for different emissive levels
of Eu®" ion and ligand (L) are found to be 7511
(’Dy), 6095 (°D,), and 3384 (°D,) cm ', which
indicates that the ligand (L) transfer energy to °D,
level of Eu’" ion as according to Latva empirical
rule (T,-Eu’" = 2000-5000 cm ') and it sensitizes
the Eu®>" ion.!*” The °D, emissive level populates
the °Dy level via non-radiative decay process,
which in turn °D, g relax to ground levels ("F))
radiatively and thus, emit luminescence in visible
region. The excited triplet level of ligand (L) is
located above the triplet level of auxiliary ligands,
hence, its triplet level transfer energy to excited
triplet level of auxiliary ligand, whereby the syner-
gistic effect of auxiliary ligands intensify the emis-
sion signal of C2-C4 complexes than C1 complex.
The energy values (AE,) for bipy, phen, and batho
are reckoned as 4243, 3443, and 2343cm !,
respectively, which clearly reveal that the AE, value
for bipy auxiliary ligand is highest among all auxil-
iary ligands. Hence, this energy value (AE,) for
bipy negates the chance of inverse energy transfer
from metal to ligand and exhibits the intense emis-
sion signal. On the contrary, the AE, value of batho
is the lowest, which makes a possibility of inverse
energy transfer and gets least intense emission sig-
nal among the auxiliary ligands. The proposed
energy transfer mechanism of one of complex that
is C4 is displayed in Fig. 16.

Conclusions

In this reported research work, four red color
emitting europium(III) complexes (C1-C4) were
synthesized by using main organic ligand, 1-(4-
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Figure 16. The schematic energy transfer mechanism in C; complex of europium(lll) ion with main ligand 1-(4-methoxyphenyl)-5-
(trifluoromethyl)-1H-pyrazole-4-carboxylic acid and auxiliary ligand 2,2-bipyridyl. It demonstrates the energy transfer from excited
triplet level of main ligand and auxiliary ligand 2,2-bipyridyl to excited energy levels of europium(lll) ion through different energy
transfer pathways. The energy difference between triplet level of ligand L and °D, of europium(lll) ion is suitable for energy trans-
fer process and auxiliary ligand also help in sensitization of europium(lll) ion.

methoxyphenyl)-5-(trifluoromethyl)-1H-pyrazole-
4-carboxylic acid (L) and auxiliary ligands
through a more facile and less time consuming
solution precipitation approach and character-
ized through various spectral techniques such
as elemental and EDAX analyses, IR, NMR,
DR, TG-DTG, and PL spectroscopy. The optical
band-gap values of complexes (C2-C4) were
found to be in the range of WBGs, which indi-
cated their behavior like wide-band gap semi-
conductors and thus, proved better luminescent
semiconductors than conventional semiconduc-
tors. TG-DTG study of complexes clearly
revealed that the complexes possessed thermal
stability up to 152°C, which supported the role
of them as emitting materials in OLEDs fabri-
cation. SEM analysis affirmed the crystalline
nature of particles, possessed by the complexes.
The photoluminescence features of the com-
plexes had been explored in detail, which sug-
gested that the complexes have remarkable
photoluminescence properties. The red emission
of complexes was obtained at 614 (Cl) and 615
(C2-C4) nm corresponding to >Dy—F, transi-
tion of Eu’" ion whereas CIE color coordinates
were well situated in the red region reflected
that the complexes play a great role in display

devices. In addition, the energy transfer
occurred more efficiently in C2-C4 complexes
due to presence of auxiliary ligands which
reduced the quenching produced by water mol-
ecules in C1 complex and also provided stabil-
ity to the complexes, thereby, the luminescence
efficiency of C2-C4 complexes was enhanced.
The internal quantum efficiency (1) of
europium(III) complexes increased from 7.84%
to 36.69%, which was attributed to potential
advantages of the complexes in lighting and
display devices. Furthermore, the antimicrobial
and antioxidant activity of complexes were also
investigated via tube dilution and DPPH
approach, respectively. The biological properties
substantiated that the complexes were acted as
best antimicrobial and antioxidant agents. The
above characterization results proposed a prom-
ising role of the complexes in the fields of
advanced luminescent devices, fabrication of
white light emitting diodes, lasers, and solar
technology.!*¢~*"!
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